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Summary 

The CHIP:Hsp70 complex stands at the crossroads of the cellular protein quality control 

system. Hsp70 facilitates active refolding of misfolded client proteins, while CHIP directs 

ubiquitination of misfolded client proteins bound to Hsp70. The direct competition 

between CHIP and Hsp70 for the fate of misfolded proteins leads to the question: how 

does the CHIP:Hsp70 complex execute triage decisions that direct misfolded proteins 

for either refolding or degradation? The current body of literature points toward action of 

the CHIP:Hsp70 complex as an information processor that takes inputs in the form of 

client folding state, dynamics, and posttranslational modifications, then outputs either 

refolded or ubiquitinated client proteins. Herein we examine the CHIP:Hsp70 complex 

beginning with the structure and function of CHIP and Hsp70, followed by an 

examination of recent studies of the interactions and dynamics of the CHIP:Hsp70 

complex.  
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1. INTRODUCTION 

Protein quality control is essential for maintaining cellular homeostasis [1]. The 

accumulation of misfolded proteins can lead to cell death and various diseases [2]. In 

order to maintain proper folding of proteins, a complex group of molecular machines 

work together to determine the fate of misfolded proteins [3]. Chaperone proteins, such 

as heat shock protein 70 (Hsp70), recruit misfolded protein “clients” and simultaneously 

attempt client refolding while inhibiting client aggregation [4]. Concurrently, the E3 

ubiquitin ligase CHIP (carboxy-terminus of Hsp70 interacting protein) binds to the C-

terminal domain of Hsp70 [5-8], essentially hijacking the recruiting efforts of Hsp70 in an 

effort to place CHIP in proximity to misfolded proteins [9]. These combined activities of 

CHIP and Hsp70 place the CHIP:Hsp70 complex at the crossroads of degradative and 

refolding pathways in eukaryotes [1,3,10]. The CHIP:Hsp70 complex performs 

chaperoned ubiquitination, a process that ubiquitinates misfolded proteins recruited to 

Hsp70 [3,10-14]. Clients of the CHIP:Hsp70 complex that are targets for ubiquitination 

include epidermal growth factor receptor [15], androgen receptor [16], estrogen 

receptor-α [17], hypoxia-inducible factor HIF-1α [18], the inducible and neuronal nitric 

oxide synthases iNOS and nNOS [8,19], and the cystic fibrosis transmembrane 

conductance regulator [20,21]. The selection of targets by the CHIP:Hsp70 complex 

appears to utilize recognition or detection of folding states or folding intermediates by 

Hsp70 [10,21,22] as a common thread that recruits misfolded clients to the CHIP:Hsp70 

complex. In fact, a recent study identified several client-binding modes by Hsp70 that 

enable recruitment of unfolded, partially folded, and near-native proteins [23]. This, in 
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coordination with binding of CHIP to the carboxy-terminal domains of Hsp70 [6-8], 

combines to position CHIP and generate productive encounter complexes that 

ubiquitinate Hsp70-bound misfolded clients [8,10,12]. Unfortunately, the full complement 

of factors that determine the fate of an Hsp70-bound client within the CHIP:Hsp70 

chaperoned ubiquitination complex are not fully known. However, the function of the 

CHIP:Hsp70 complex and its ability to choose between two opposing pathways [12,24], 

refolding or degradation, suggest that the complex acts much like an information 

processor. The ability for the CHIP:Hsp70 complex to make triage decisions [12,14,24] 

raises the question: what inputs are utilized by the CHIP:Hsp70 complex in making 

triage decisions? Structural, biochemical, and biophysical studies of CHIP and Hsp70 

suggest that dynamics, allostery, and posttranslational modifications may play key roles, 

however future studies are required to determine the range of inputs and their role in the 

triage and decision making process. To facilitate these studies, this review seeks to 

present the status of the field with an eye toward directions that require further 

exploration. Beginning with details regarding the structure and function of Hsp70, the 

review shifts to discuss key features of CHIP, followed by an analysis of current 

knowledge of the CHIP:Hsp70 interaction. The protein quality control field is ripe for 

breakthroughs and the CHIP:Hsp70 interaction represents an important target for 

development of therapeutics and for our understanding of the underlying biochemistry 

and biophysics. 

2. Hsp70 and the recruitment of misfolded client substrates 

2.1 Diversity and conformity of heat shock proteins as chaperones 
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Generally categorized into one of five families [25], heat shock proteins serve vital, often 

complementary roles in stabilizing or refolding misfolded proteins. The HSPA (HSP70) 

and HSPH (HSP110) family is comprised of large, often oligomeric species [26] with 

monomer molecular weights of approximately 70 kDa (HSPA) and 110 kDa (HSPH), 

respectively. The DNAJ (HSP40) family is a large group of proteins encoded by fifty 

different genes that fall into one of three subfamilies, A, B, or C based upon 

organization of domains and location of the J-domain [25]. The ubiquitous J-domain 

confers HSPA-binding to the DNAJ family and serves to stimulate nucleotide hydrolysis 

[27], though the structure of the HSPA/DNAJ complex and mechanism of activation are 

under debate [28,29]. The HSPB family of small heat shock proteins is distinguished by 

the crystallin domain and includes the well-studied αA crystallin (HSBP4) and αB 

crystallin (HSBP5) members. The highly oligomeric α-crystallins comprise nearly 30% of 

the protein content within the lens of the eye and play a key role in maintaining lens 

protein solubility [30]. A recent study identified α-crystallins as viable drug targets for the 

treatment of cataracts [31]. The HSPC (HSP90) family is also found, at times, in 

complex with HSPA proteins, together functioning to refold misfolded complexes [32]. A 

recent cryoelectron microscopy structure provided a glimpse at the structural 

organization of HSPA/HSPC complexes facilitated by the tetratricopeptide repeat (TPR) 

motif-containing Hsp70/Hsp90 organizing protein (HOP) [33]. In comparison, members 

of the HSPD/E family function as complexes of HSPD/E proteins that exist in isolation 

as a single, large, roughly cylindrical oligomer [34]. The HSPD/E family are homologs of 

the Escherichia coli GroEL (Hsp60) and GroES (Hsp10) proteins, with both 
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mitochondrial and cytosolic (TRiC/CCT) family members [25,34].  

2.2 Allosteric modulation and structural changes along the client binding cycle 

HSP70 family chaperones contain two structural domains, the nucleotide binding 

domain (NBD) responsible for ATPase activity and a substrate-binding domain (SBD) 

that binds client proteins for refolding. The SBD is divided into a β-sheet subdomain (β-

SBD) and the α-helical lid subdomain (Fig. 1) that work together to form a clamp that 

binds client proteins. The SBD and NBD are joined by a leucine-rich interdomain linker, 

which has been thought to be involved in the regulation of substrate binding kinetics 

[35-37]. Much of the structural knowledge for the remarkable structural changes (Fig. 1) 

that occur across the Hsp70 client refolding cycle has come from studies using DnaK, 

the Escherichia coli homolog of Hsp70. The mechanism of the client refolding cycle 

(Fig. 2) begins with an Hsp70 chaperone in the ATP-bound state. A structure of ATP-

bound DnaK, with mutations introduced to prevent ATP hydrolysis while stabilizing ATP 

association [38], identified an open structure with the helical lid subdomain unbound 

from the β-SBD and substantial interactions between the β-SBD and NBD (Fig. 1 and 

2). In this conformation, the substrate-binding domain has weak millimolar affinity for the 

misfolded client protein [39]. Subsequently, a J-domain co-chaperone, such as Hsp40 

or DnaJ, induces ATP hydrolysis by the Hsp70-NBD resulting in a conformational 

change in Hsp70 that promotes binding of client proteins at the SBD [40]. Although a 

recent paper uncovered additional, alternative client-binding modes for partially-folded 

or near-native clients [23], recruitment of misfolded clients to the SBD is viewed as the 

canonical mechanism for binding to misfolded clients [22,39,41]. An NMR study of DnaK 
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in the ADP-bound state, along with a model NRLLLTG peptide client, found that the 

helical lid subdomain clamps across the client peptide [42]. The clamping action holds 

the client in place on the β-SBD while the entire SBD becomes uncoupled from the NBD 

[42]. Clamping of the helical lid subdomain onto the β-SBD locks the client protein in 

place and dramatically increases affinity for the client to approximately 300 nM [40]. 

Several hypotheses including Brownian ratchet [43] and power stroke [44] mechanisms 

have been proposed to drive refolding after client binding, however an entropic pulling 

model was recently posited that more fully recapitulates Hsp70 functions [45]. The 

increased dynamics observed upon uncoupling of the SBD from the NBD [42] lend 

additional credence to the entropic pulling mechanism [45] and decrease likelihood of 

the power stroke model. After binding the client a nucleotide exchange factor (NEF) 

binds to the Hsp70-NBD triggering release of ADP. Dissociation of the NEF returns 

Hsp70 to the nucleotide free state, which through allostery, results in a conformational 

change of the SBD and client release. Repeated cycles of nucleotide binding and 

hydrolysis, client binding, nucleotide dissociation and client release enable active 

refolding of a misfolded client [46]. Despite our knowledge of the Hsp70 client refolding 

mechanism, significant questions remain. For example, how do cells triage clients that 

are not successfully refolded? Is there a time limit on how long Hsp70 can attempt 

refolding for any single client? 

Recently, the interdomain linker between the NBD and SBD, which participates in 

allosteric modulation of Hsp70 [35,37], was implicated in facilitating Hsp70 

oligomerization [26]. Studies suggest the formation of both well ordered dimers [47,48] 
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and heterogeneous oligomers are mediated by the SBD [49] or the NBD-SBD 

interdomain linker [26], indicating that the mechanism of oligomerization is not yet 

settled within the community. Many years prior to the recent wave of structural data it 

was suggested that the oligomeric state of Hsp70 may play a role in regulating its 

function [50]. In fact, the formation and purpose of Hsp70 oligomers has been reported 

to depend on temperature [50], and either regulate protein refolding activity by locking 

Hsp70 into a non-active oligomeric complex [49], or facilitate interactions with other 

proteins including Hsp40 [48] and Hsp90 [47]. Another study reported that 

oligomerization of Hsp70 is thought to potentially hold a reservoir of Hsp70 protomers in 

a stabilized state with reduced functionality that, once presented with a misfolded 

substrate, triggers release of functional monomers that can initiate protein refolding [26]. 

The reports of different effects of multiple oligomerization modes on activity indicates 

that additional studies are needed to more conclusively determine the mechanism and 

purpose of oligomerization. In particular, the effect of Hsp70 oligomerization upon 

binding to CHIP has not been reported.  

3. CHIP, an E3 ubiquitin ligase with dynamic motions 

3.1 Structural diversity in CHIP 

E3 ubiquitin ligases are traditionally classified into three families, HECT, U-box, and 

RING, though hybrid RING-between-RING (RBR) ligases [51] were recently identified. 

The HECT and RBR families are differentiated by their ability to form covalent 

intermediates with ubiquitin prior to covalent modification of the client. In contrast, the U-

box and RING family facilitate direct transfer of ubiquitin from the E2 to the client by 
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positioning the substrate in close proximity to the E2-ubiquitin thioester (Fig. 3). CHIP is 

a U-box E3 ubiquitin ligase with three discrete domains, the N-terminal tetratricopeptide 

repeat (TPR) domain, the C-terminal U-box domain, and the intermediate helical linker 

(Fig. 4a). TPR domains are a ubiquitous structural motif of three to sixteen repeats of a 

34 residue conserved sequence [52]. Each TPR repeat produces a helix-turn-helix 

architecture that contributes to a superhelical fold with distinct ligand binding grooves 

suitable for peptide binding or scaffolding [52-57]. The CHIP-TPR domain features a 

peptide binding cleft formed by three consecutive TPR motifs flanked by a seventh helix 

that extends toward the linker domain [6,8]. Like homologous TPR domains, CHIP-TPR 

recognizes the IEEVD motif at the C-terminus of chaperones such as Hsp70 and 

HSP90 at low micromolar affinity [58]. A recent study also identified additional 

interactions between the CHIP-TPR and the helical lid subdomain of Hsp70 [8] 

reminiscent of the interactions between TPR domains and globular domains observed in 

structures of Ppp5 phosphatase in complex with the Ppp5 TPR [59] and the structure of 

p67phox in complex with Rac [60]. 

While the TPR domain facilitates binding to chaperones, the U-box domain of CHIP 

confers ubiquitin ligase activity by recruiting E2 ubiquitin conjugating enzymes. 

Structures of CHIP-U-box in complex with UbcH5 and Ubc13 [6,61] have been solved 

and are similar to structures of U-box or RING-domain E3 ligases in complex with E2 

ubiquitin conjugating enzymes [62,63]. Interestingly, CHIP shows surprisingly little 

selectivity in recruitment of E2 ubiquitin conjugating enzymes and has been shown to 

catalyze ubiquitin transfer when paired with any of eight E2 enzymes from the UbcH5a-
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c, UbcH6a-c, Ube2W, and Ubc13 families [64,65]. The U-box domain is structurally 

similar to RING domains found in many E3 ubiquitin ligases, with the key exception that 

structural zinc atoms in RING domains are replaced by a hydrogen bond network in the 

U-box [66,67]. The structural similarity with RING-type E3 ubiquitin ligases allows 

researchers studying CHIP to capitalize on recent structures of RING-E3 enzymes in 

complex with E2~ubiquitin conjugates [68-71] to produce models (Fig. 4b) of CHIP in 

complex with an E2~ubiquitin conjugate [8]. Importantly these models are fully 

consistent with simultaneous binding of CHIP to an E2~ubiquitin conjugate via the 

CHIP-U-box and to Hsp70 via the CHIP-TPR [8].  

Centrally located between the U-box and TPR domains the helical linker within CHIP 

not only bridges the U-box and TPR domains, it is also a key contributor to CHIP 

dimerization [6] and appears to be a source of substantial conformational variation 

[6,61,72]. Crystal structures of CHIP exhibit two distinct conformations for the helical 

linker with an asymmetric dimer (Fig. 5a) conformation featuring a kinked linker helix in 

one structure [6] and a symmetric dimer (Fig. 5b) with a pair of straight linker helices in 

the second structure [61]. The arrangement of each CHIP protomer across the two 

structures is of particular interest and has led to studies probing the flexibility and 

dynamics of CHIP [72,73], including a study that identified flexibility as a key 

requirement for CHIP E3 ligase activity [73]. Additionally, the asymmetric arrangement 

of CHIP protomers occludes one of the E2 binding sites and allows for only a single 

ubiquitination-competent complex to form per dimer [6] while the symmetric 

arrangement is capable of binding two E2 enzymes simultaneously. Thus, 
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asymmetric/symmetric switching would offer a potential mode of regulation in which 

overall structure of CHIP controls the E3 ubiquitin ligase activity [6]. 

3.2 Dynamics within CHIP 

While the existing crystal structures of CHIP provide valuable snapshots and key details 

on dimerization and interactions with binding partners, these structures do not provide 

the full picture of dynamics and motions that are inherent within CHIP in solution 

[72,73]. A recent computational modeling study found that the CHIP homodimer could 

switch between the asymmetric and symmetric form [73]. In this dynamic model, CHIP 

moves between both symmetric and asymmetric conformations without disrupting 

dimerization sites. This dynamic model alludes to the complex dynamics that allow 

CHIP to facilitate ubiquitin transfer to a wide range of client proteins. As CHIP is 

responsible for ubiquitination of more than just a single class of proteins [24], client 

proteins will likely vary in structure, size, and location of target lysine residues. Although 

it is still unknown how specific lysine residues from a client protein are targeted for 

ubiquitin transfer from CHIP-bound E2~ubiquitin conjugates, biochemical and 

computational studies suggest that the flexibility of CHIP may play a key role [72,73].  

The binding of key protein partners, such as Hsp70 or E2 enzymes, is also known to 

alter the flexibility and dynamics of CHIP [72]. HDX-MS measurements of amide 

hydrogen exchange rates in the presence and absence of Hsp70 and E2 enzymes [72] 

provide a proxy for dynamics and suggest that, in the absence of binding partners, 

CHIP is highly dynamic and flexible. Reduced dynamics upon Hsp70 binding are 

particularly notable in the CHIP-TPR domain which exhibits reductions in deuterium 



BBA-proteins-and-proteomics Review: CHIP:Hsp70 Protein Quality Control 

 

Page 12 

incorporation rates of one to two orders of magnitude upon binding to Hsp70 [72]. 

Anecdotally, the high flexibility of the TPR when not bound to Hsp70 suggests that the 

absence of a crystal structure for free CHIP-TPR is not for want of trying, rather the 

flexible CHIP-TPR may present a high entropic barrier to crystallization. The linker 

region also exhibits 10-fold higher amide hydrogen exchange rates in the absence of 

Hsp70 due to its flexible nature, while the U-box domain was more protected as 

evidenced by HD exchange rates differing by less than 2-fold between free and Hsp70-

bound states [72]. Regions of CHIP involved in dimerization, as identified in the 

asymmetric and symmetric crystal structures, were confirmed by the HDX-MS data. 

Interestingly the HDX-MS data does not appear to favor either the symmetric or 

asymmetric dimer structures of CHIP. It is unclear as to whether the lack of clear 

preference between the two structures is due to stable populations of both structures, or 

a time averaged fluctuation between alternating conformations of the asymmetric dimer 

that pass through the symmetric dimer state in transition.  

4. Interactions between CHIP and Hsp70 

4.1 TPR-IEEVD interactions and modulations in disease 

In order to facilitate polyubiquitination of a bound client protein, Hsp70 binds to the TPR 

domain of CHIP. The CHIP-TPR is located at the N-terminus and consists of seven α-

helices arranged as three pairs of antiparallel α-helices, while the seventh helix is 

elongated leading into the helical linker domain and is packed against one of the helical 

pairs (Fig. 6a). Chaperone proteins bind to the electropositive TPR domain via a 

strongly electronegative C-terminal EEVD motif [6]. The Hsp70 C-terminal EEVD motif 
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sequence “GSGPTIEEVD” differs from the Hsp90 EEVD motif sequence 

“DDTSRMEEVD” in the residues preceding the “EEVD” sequence. Although the EEVD 

motif facilitates the essential interactions with the TPR domain, CHIP can accommodate 

different chaperones in the hydrophobic binding pocket of the TPR domain due to 

variations in conformation (Fig. 6b) of bound EEVD motif containing peptides [6,8,74]. 

While a majority of co-chaperones, including CHIP, have been shown to bind to 

chaperones as long as they contain the EEVD motif [58], selectivity appears to be 

gained by residues preceding the “EEVD” sequence, ruling out the EEVD motif as the 

sole source for regulating chaperone binding. In fact, the EEVD motif binding cleft 

formed by CHIP-TPR appears to be optimized for binding to the Hsp70-PTIEEVD motif, 

exhibiting Kd values of 0.4 or 0.6 µM [7,58] compared to Kd values of 1.0 to 4.9 µM for 

CHIP-TPR binding to the Hsp90 “SRMEEVD” motif [58,75]. In particular, the Ile/Met 

immediately preceding the “EEVD” motif appears to confer the majority of the difference 

in binding affinities between Hsp70 and Hsp90 to CHIP [58]. 

Posttranslational modifications likely play a key role in determining whether a client 

protein will be refolded or degraded as these posttranslational modifications result in 

differential binding of co-chaperones to Hsp70 and HSP90 [75]. The key post-

translational modification for chaperone regulation is phosphorylation of a serine or 

threonine near the EEVD motif. These serine and threonine residues, highly conserved 

among eukaryotic HSP70 and HSP90 families, provide phosphorylation sites for various 

kinases, including CK1, CK2, and GSK3β [75]. The phosphorylation state of the C-

terminus of Hsp70 and Hsp90 regulates the interaction of these chaperones with the 
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TPR domain of two co-chaperones, CHIP and HOP [75]. Interestingly, phosphorylation 

of Hsp70 “PTIEEVD” and Hsp90 “SRMEEVD” motifs results in only a 2-fold reduction in 

affinity from 4.9 µM to 9 µM for binding to Hsp90 compared to a 10-fold reduction in 

affinity from 1.9 µM to 20 µM for binding to Hsp70 [75]. This differential effect of binding 

affinity is consistent with existing structures of Hsp70 and Hsp90 “EEVD” motifs bound 

to CHIP-TPR (Fig. 6c). For Hsp90, the position and orientation of the Hsp90 

“SRMEEVD” motif serine would likely result in only minor changes to binding upon 

phosphorylation. In contrast, the position of the Hsp70 “PTIEEVD” motif threonine (Fig. 

6b) indicates that phosphorylation of this threonine could result in steric clashes with the 

CHIP-TPR that would pose a significant detriment to binding [8]. Despite the analyses 

made possible by existing data, structures of phosphorylated Hsp70 and Hsp90 “EEVD” 

motifs in complex with CHIP-TPR would enable a more complete analysis of the scope 

of mechanisms that control chaperone binding and for defining how post-translational 

modifications act as an additional source of selectivity for interactions between 

chaperones and co-chaperones [75]. 

In contrast to the 10-fold reductions in binding affinity for phosphorylated Hsp70 to CHIP 

and 2-fold reduction for phosphorylated Hsp90 binding to CHIP, the affinity of 

phosphorylated Hsp70 for HOP remains nearly constant at approximately 4 µM to 6 µM 

and the affinity of phosphorylated Hsp90 for HOP improves from 6 µM to 3 µM [75]. 

Thus, the non-phosphorylated C-termini of Hsp70 and HSP90 preferentially bind to the 

TPR domain of CHIP in order to subject chaperone bound client proteins to 

ubiquitination while phosphorylated Hsp70 and Hsp90 preferentially bind to HOP, which 
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promotes client protein refolding [33,75]. Interestingly, the regulation of chaperone 

function through phosphorylation has been shown to play a role in human cancer cells 

[75]. Previous work demonstrated that cancer cells take advantage of chaperone 

activity, and targeting chaperones for inhibition has been studied as potential cancer 

treatments [76]. Although an early study posited that cancer cells disrupt co-chaperone 

activity by decreasing expression of CHIP [77], more recent work has shown 

contradicting results [75]. It has now been shown that CHIP expression levels are not 

altered in cancer cells; rather HOP expression is greatly increased along with greater 

levels of Hsp70 and Hsp90 phosphorylation. Chaperone phosphorylation paired with 

overexpression of HOP enables cancer cells to effectively direct and regulate co-

chaperone binding to promote protein refolding over degradation. These results were 

seen in melanoma, bladder, breast, lung, and pancreatic cancer cell lines, suggesting 

that cancer cells regulate co-chaperone binding as a mechanism to diminish 

degradation and escalate refolding of client proteins [75]. Cancer cells promote protein 

folding rather than degradation due to the need for robust cell proliferation in order to 

survive. Since cell proliferation requires an excess of protein levels [78], cancer cells 

prevent protein degradation in order to promote cancer cell replication [75].  

4.2 Additional interactions beyond the Hsp70 IEEVD peptide 

The most well studied interaction between CHIP and Hsp70 is the binding of the Hsp70 

EEVD motif to the CHIP-TPR. Upon further investigation of the CHIP:Hsp70 interaction, 

a novel transient binding site was observed [7]. Biolayer interferometry measurements 

of the difference in binding affinity between full length Hsp70 and a truncated Hsp70 



BBA-proteins-and-proteomics Review: CHIP:Hsp70 Protein Quality Control 

 

Page 16 

construct containing the PTIEEVD motif showed that full length Hsp70 bound CHIP with 

a 6-fold tighter affinity when compared to the EEVD peptide. These findings suggested 

that Hsp70 interacts with CHIP in a previously unobserved and transient manner [7]. To 

further investigate CHIP:Hsp70 binding, TROSY NMR studies were performed. Spectra 

of full-length Hsp70 compared to the CHIP:Hsp70 complex yielded very little changes, 

except in the EEVD motif, further suggesting that intermolecular interactions outside the 

EEVD motif would be transient [7]. NMR relaxation experiments support that Hsp70 is 

tethered to the CHIP-TPR domain, but the remaining domains move freely of each 

other, much like “beads on a string”. The mobility of the CHIP:Hsp70 complex likely 

allows for flexible movements that can accommodate myriad conformations in order for 

CHIP to locate the lysine residues of Hsp70 bound client proteins for targeting 

ubiquitination [7]. However, the view of the CHIP:Hsp70 complex as “beads on a string” 

does not fully recapitulate the observed binding data demonstrating an increase in 

affinity due to Hsp70 elements outside the EEVD motif. Additionally, the “beads on a 

string” model does not explain the pattern of CHIP-meditated ubiquitination of 

Hsc70/Hsp70 that is biased toward lysine residues near the SBD and C-terminus [79]. 

Our recent studies have shown that the co-chaperone to chaperone interaction is much 

more complex than previously thought [8]. This structural data identified an additional 

site of interaction between CHIP and Hsc70 (Fig. 6c). Through a series of HSQC-NMR 

titrations with CHIP and an Hsc70-lid-tail mutant that lacks the C-terminal GPTIEEVD 

motif, extensive line broadening was observed. These results indicated that an 

interaction between CHIP and Hsc70 occurs outside of the EEVD motif in either the lid 
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subdomain or the tail region. To further identify the nature of these novel interactions, a 

crystal structure of CHIP-TPR with an Hsc70-lid-tail-EEVD construct was determined 

(Fig. 6c). The 2.91 Å structure featured well-defined regions of the EEVD motif and the 

Hsc70-lid, however, the electron density for much of the Hsc70-tail domain was highly 

disordered [8]. As expected, based on previous studies [74], the PTIEEVD motif of 

Hsc70 was shown to interact with the TPR domain. The new structure allows for full-

length CHIP:Hsp70 complexes to be modeled (Fig. 7a-b). These complexes are 

compatible with simultaneous interaction of CHIP with Hsp70 and an E2~ubiquitin 

conjugate, and provide a glimpse (Fig. 7c) of the organization of chaperoned 

ubiquitination cascades [8]. This structural data, which suggests that the CHIP:Hsp70 

complex can adopt different conformations based on the nucleotide binding status of 

Hsp70 (Fig. 7), raises questions about how the CHIP:Hsp70 complex bridges the gap 

between the E2~ubiquitin active site and lysine residues on an Hsp70-bound client. 

Although additional studies are needed to answer these questions, the flexibility or 

dynamics of CHIP [72,73] and Hsp70 [80] likely play a role [8]. 

Interestingly, the structure also revealed new insights into the interactions between the 

Hsc70-lid and CHIP. The Hsc70-lid interacts with CHIP through the side chains from C-

terminal helix of the Hsc70-lid and the beginning residues of the tail region. The sites of 

interaction in the TPR domain include the N-terminal region of helix 1, and the loops 

between helices 2-3, 4-5, and 6-7 [8]. The overall structure suggests that the Hsc70-lid 

caps one side of the CHIP-TPR domain. The majority of the tail domain, except for the 

PTIEEVD motif residues that interact with the TPR domain, remain disordered. 
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Functionally, these novel interactions were found to be responsible for regulating CHIP-

meditated ubiquitination of Hsc70 and Hsp70/Hsc70 clients. Mutations to CHIP in the 

sites that interact with the Hsc70-lid abolished Hsc70 and client ubiquitination. The 

Hsc70-lid:CHIP-TPR interaction has a predicted binding affinity of less than 100 µM, 

consistent with the previous CHIP:Hsp70 interaction study [7], suggesting that Hsc70-

lid:CHIP-TPR interaction exists intermittently while the Hsc70 EEVD motif remains 

tethered to the CHIP-TPR domain [8]. One possible explanation for the importance of 

this weak interaction is to allow CHIP to dock and undock from the Hsc70-lid in order to 

assist in targeting an Hsc70-bound client lysine residue for ubiquitination. 

5. Perspective 

The CHIP:Hsp70 complex exhibits the hallmarks of an information processor. Data 

taken as inputs likely include, but may not be limited to CHIP:Hsp70 complex 

populations, unfolded client binding, dynamics within CHIP, Hsp70, and client proteins, 

along with posttranslational modifications. These inputs are then translated into directed 

ubiquitination of CHIP, termed autoubiquitination, Hsp70, or the misfolded client [14]. 

The bulk of the field has focused primarily on studies of Hsp70 [42,81,82] or CHIP 

[72,73] and has begun a shift toward studying CHIP:Hsp70 complexes in more detail 

[7,8]. With the valuable insights these studies have provided, the stage is set for in-

depth explorations of the dynamic structures of CHIP:Hsp70:client complexes. Future 

studies will elucidate the role that each type of input plays in determining the output, or 

target and level of ubiquitination. These studies will likely need to draw upon 

combinations of expertise from the structural, biophysical, and biochemical realms to 
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determine the mechanisms that regulate the CHIP:Hsp70 in its role linking protein 

refolding and degradation in protein quality control. With mechanistic studies on the 

horizon that will link the biophysics and biochemistry of the CHIP:Hsp70 complex to the 

outcomes of in vivo protein quality control, the future of the CHIP:Hsp70 field is bright 

and primed for significant advances. 

6. Conclusion 

The CHIP:Hsp70 complex brings together two divergent arms of cellular protein quality 

control. The delicate balance between refolding and degradation can be shifted by small 

changes in binding affinity, in the range of 2 to 10 µM, that promote or diminish 

CHIP:Hsp70 complex formation. Inputs in the form of dynamics and posttranslational 

modifications have demonstrated effects on the output of the CHIP:Hsp70 complex by 

modulating ubiquitination levels and targets. Responsiveness of the CHIP:Hsp70 

information processor is maintained by bipartite binding via strong interactions, on the 

order of 0.5 µM, between the Hsp70 EEVD motif and CHIP-TPR domain which serve to 

tether CHIP to Hsp70, paired with transient interactions, with less than 100 µM affinity, 

of the Hsp70-lid to the CHIP-TPR domain which position CHIP with respect to Hsp70 

and clients. The output of the CHIP:Hsp70:client complex is directed ubiquitination of 

one or more components. In this way, the CHIP-Hsp70 complex functions as an 

information processor, translating dynamic cellular inputs into functional outcomes of 

the cellular protein quality control system. 
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FIGURE LEGENDS 

Figure 1. Structural changes in Hsp70 due to ATP hydrolysis  
(a) The structure of ATP-bound Hsp70 features tight packing of the β-substrate binding 
domain (β-SBD) against the nucleotide binding domain (NBD) and the helical lid domain 
swung out away from β-SBD. The structure shown is the Hsp70 homolog DnaK in the 
ATP-bound state (PDB ID: 4B9Q). (b) The structure of ADP-bound Hsp70 features 
disengagement of the β-SBD from the NBD and clamping of the helical lid domain onto 
the β-SBD in a conformation that tightly binds misfolded clients. Structure shown is the 
Hsp70 homolog DnaK in the ADP-bound state (PDB ID: 2KHO). 

Figure 2. The Hsp70 protein refolding cycle.  
The refolding cycle begins with ATP binding to the nucleotide binding domain (NBD) of 
Hsp70, followed by binding of HSP40 and a misfolded client to Hsp70. Binding of the 
client and HSP40 stimulate ATP hydrolysis, altering the conformation of Hsp70. HSP40 
dissociates from Hsp70 and a nucleotide exchange factor (NEF) is recruited to the 
Hsp70 NBD. Interaction with the NEF triggers dissociation of the nucleotide from the 
Hsp70 NBD, which is followed by release of the client and dissociation of the NEF. This 
effectively regenerates Hsp70 in a form competent for binding ATP and repeating the 
cycle. The dissociated client is either refolded, or remains misfolded and can be brought 
into the pathway again for further rounds of refolding. 

Figure 3. General scheme of the ubiquitination cascade. 
All ubiquitination cascades begin with ATP-dependent modification of the active site 
cysteine from an E1 enzyme (blue) by ubiquitin (green), followed by transfer of the 
ubiquitin to the active site cysteine of an E2 enzyme (purple). U-box and RING-type E3 
enzymes (grey) catalyze direct transfer of a ubiquitin molecule from an E2~ubiquitin 
conjugate to a lysine residue. HECT and RING-between-RING-type E3 ligases (brown) 
first catalyze transfer of a ubiquitin molecule from an E2~ubiquitin conjugate to a 
cysteine on the HECT and RING-between-RING-type E3 ligase, followed by transfer to 
a lysine residue. Repeated interaction of E2~ubiquitin conjugates with an E3 ubiquitin 
ligase results in polyubiquitination. 

Figure 4. Domain organization of CHIP and interactions with an E2~ubiquitin 
conjugate. 
(a) Structure of a CHIP dimer shown as cartoons and a translucent surface. The second 
protomer of the dimer is shown as a ghost with reduced opacity. U-box, TPR, and linker 
domains are indicated by text. (b) Structure of a CHIP dimer in complex with an 
E2~ubiquitin conjugate, again the second protomer of the CHIP dimer is shown as a 
ghost. 
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Figure 5. Asymmetric and symmetric dimer models for CHIP. 
Block representation of asymmetric and symmetric dimers of CHIP (cyan, and green). 
Lines indicate range of motion for domains moving between the asymmetric and 
symmetric forms. 

Figure 6. Structure of CHIP-TPR and interactions with constructs containing 
IEEVD motifs. 
(a) Structure of CHIP-TPR (white, PDB ID: 2C2L) superimposed with a single protomer 
of the full-length CHIP dimer (translucent white, PDB ID: 2C2L). CHIP-TPR helices h1 
(red), h2 (orange), h3 (yellow), h4 (green), h5 (cyan), h6 (blue), and h7 (purple) are 
highlighted. Helix h7 is extended in full-length CHIP to form one of the two helices of the 
linker domain. (b) Structure of CHIP-TPR (orange, PDB ID: 3Q49) in complex with the 
C-terminal EEVD motif of Hsp70 (cyan, PDB ID: 3Q49). (c) Structure of CHIP-TPR 
(blue, PDB ID: 2C2L) in complex with the C-terminal EEVD motif of HSP90 (pink, PDB 
ID: 2C2L). (d) Structure of CHIP-TPR (purple, PDB ID: 4KBQ) in complex with the 
Hsc70-lid-Tail domain (yellow, PDB ID: 4KBQ), including the EEVD motif. 

Figure 7. Models of the CHIP:Hsp70 chaperoned ubiquitination complex. 
(a) A model of the CHIP:Hsp70:E2~ubiquitin complex for ADP-bound Hsp70 (PDB ID: 
2KHO) is shown as the molecular surfaces with the CHIP dimer (grey and white, PDB 
ID: 2C2L), E2 (PDB ID: 3TGD), ubiquitin (green, PDB ID: 1UBQ), and Hsp70 (blue, 
PDB ID: 2KHO). The CHIP protomer shown in white binds the E2~ubiquitin and Hsp70, 
while the CHIP protomer in grey shares a binding interface for ubiquitin. The modeled 
structure of the E2~ubiquitin conjugate bound to CHIP is based upon a recent RING-
bound E2~ubiquitin conjugate structure (PDB ID: 4AP4)[83]. (b) A model of the 
CHIP:Hsp70:E2~ubiquitin complex for ATP-bound Hsp70 (PDB ID: 4B9Q) colored as 
described in (a). 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 

 


